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ABSTRACT
Electron paramagnetic resonance (EPR) is used to experimentally determine the (0/) level of the Mg acceptor in an Mg-doped b-Ga2O3
crystal. Our results place this level 0.65 eV (60.05 eV) above the valence band, a position closer to the valence band than the predictions of
several recent computational studies. The crystal used in this investigation was grown by the Czochralski method and contains large concentrations of Mg acceptors and Ir donors, as well as a small concentration of Fe ions and an even smaller concentration of Cr ions. Below room
temperature, illumination with 325 nm laser light produces the characteristic EPR spectrum from neutral Mg acceptors (Mg0Ga ). A portion of
the singly ionized Ir4þ donors are converted to their neutral Ir3þ state at the same time. For temperatures near 250 K, the photoinduced EPR
spectrum from the neutral Mg0Ga acceptors begins to decay immediately after the laser light is removed, as electrons are thermally excited
from the valence band to the Mg acceptor. Holes left in the valence band recombine with electrons at the deeper Ir3þ ions and restore the
Ir4þ ions. An activation energy for the thermal decay of the Mg0Ga acceptors, and thus a value for the (0/) level, is obtained by using a
general-order kinetics model to analyze a set of ﬁve isothermal decay curves taken at temperatures between 240 and 260 K.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0002763

Many recent experimental and computational studies1–17 have
focused on magnesium acceptors in b-Ga2O3. A primary goal of these
efforts has been to better understand the obstacles to developing functional p-type material. Kananen et al.,1 in 2017, used electron paramagnetic resonance (EPR) to establish a small polaron model for the
Mg acceptor in b-Ga2O3 crystals. In the neutral charge state, the hole
is localized at a threefold coordinated oxygen ion adjacent to a Mg ion
on a sixfold coordinated gallium site. Resolved hyperﬁne interactions
in the EPR spectrum, with 69Ga and 71Ga nuclei at the two gallium
sites adjacent to the hole-bearing oxygen, are the key to identifying the
ground-state structure of the neutral Mg acceptor. Ho et al.2 and
Skachkov and Lambrecht3 have computationally veriﬁed the small
polaron model by ﬁnding close agreement between their calculated
hyperﬁne parameters and the experimental values. A major continuing
question, however, is the position of the (0/) level for the Mg acceptor in b-Ga2O3. From a fundamental point of view, this level is
expected to reﬂect the amount of lattice relaxation that accompanies
the formation of the small polaron (i.e., the slight shifting in the
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positions of ions when the hole is localized primarily on one oxygen
next to the substitutional Mg).
In the present Letter, we investigate the thermal stability of the
neutral Mg acceptor in b-Ga2O3 and determine an experimental
value for its (0/) level. Several recent computational studies have
placed this level more than 1 eV above the valence band,2,4–10
whereas our experimental value obtained from directly monitoring
the EPR signal of the neutral acceptor is 0.65 eV. We use subbandgap 325 nm laser light to produce neutral magnesium acceptors (Mg0Ga ) and neutral iridium donors (Ir3þ) at temperatures near
250 K, and then observe the thermal decay of the Mg0Ga acceptors
after removing the light. Isothermal decay curves for the EPR spectrum of the Mg0Ga acceptor are acquired at ﬁve discrete temperatures between 240 and 260 K. An analysis of these decay curves,
using a general-order kinetics model, provides an activation energy
and, thus, a value for the (0/) level of the Mg acceptor. This noncontact EPR method was used recently to determine the Fe2þ/3þ
acceptor level in Fe-doped b-Ga2O3 crystals.18
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The b-Ga2O3 crystal used in this investigation was grown by the
Czochralski method at Northrop Grumman Synoptics (Charlotte,
NC).19 Approximately 0.20 mol. % of MgO was added to the starting
material. An iridium crucible was used, thus explaining the presence
of iridium donors in the crystal.20 Also, small concentrations of Fe3þ
and Cr3þ ions, coming from either the starting material or possibly
the iridium crucible, were unintentionally present in the as-grown
crystal. The Fe3þ concentration is approximately a factor of ten greater
than the Cr3þ concentration, but much less than the Ir4þ concentration. Although not directly observed in our EPR experiments, we
expect that the concentration of ionized shallow donors coming from
the impure starting material is below 1017 cm3.19,21 Our EPR sample,
cut from the larger boule, has dimensions of 5.0  1.4  3.0 mm3. The
structure of b-Ga2O3 is monoclinic with space group C2/m (C32h ).
There are two inequivalent gallium sites and three inequivalent oxygen
sites in this lattice. Ga(I) are at tetrahedral sites and Ga(II) are at octahedral sites. O(I) and O(II) have three gallium neighbors, and O(III)
has four gallium neighbors.
EPR spectra were obtained using a Bruker EMX spectrometer
operating near 9.39 GHz. An Oxford Instruments ESR-900 cryostat
and ITC-503S controller held the sample at ﬁxed temperatures during
the measurements. The only EPR signals detected in our crystal were
from neutral Mg acceptors (Mg0Ga ) and Ir4þ, Fe3þ, and Cr3þ ions. We
did not observe EPR spectra from gallium-vacancy-related defects,
oxygen vacancies, or interstitials, which is consistent with our crystal
not being irradiated with high-energy particles (i.e., protons, electrons,
or neutrons) and not being Sn-doped.22–29 Also, we did not observe an
EPR signal attributable to a triplet state (S ¼ 1) of an Mgþ
Ga defect (i.e.,
a defect having two holes trapped at the same time on two different
oxygen ions adjacent to the Mg ion).4,5 A Kimmon He-Cd laser (producing 12 mW at 325 nm) was used to change the charge states of the
Mg, Fe, and Ir ions. The energy of these photons is 3.81 eV, well below
the approximate 4.8 eV bandgap of b-Ga2O3.
In Fig. 1, we show the effect at low temperature of 325 nm laser
light on the Mg-doped b-Ga2O3 crystal. The EPR spectrum in Fig.
1(a) was acquired at 50 K before exposure to the light. At this stage,
the Mg acceptors are all in their nonparamagnetic singly ionized
charge state. Signals from Fe3þ and Ir4þ ions on Ga(II) sites are present, which places the Fermi level below the Ir4þ/3þ level and, thus, in
the lower half of the bandgap.30 Comparison to a Bruker weak-pitch
standard EPR sample20 shows that the concentration of Ir4þ ions represented by the line near 370 mT in Fig. 1(a) is approximately
7.0  1018 cm3. Due to compensation, the combined concentrations
of singly ionized Ir4þ donors and singly ionized shallow donors will be
approximately equal to the concentration of singly ionized Mg acceptors (Mg
Ga ) before the introduction of the light. The quite different
widths, but similar vertical heights, of the Fe3þ and Ir4þ lines in
Fig. 1(a) suggest that the concentration of Fe3þ ions is at least 50 times
smaller than the concentration of Ir4þ ions. The EPR spectrum in
Fig. 1(b) was also taken at 50 K, after the crystal was exposed to
325 nm light for 20 min at 120 K and then returned to 50 K in the
dark. While the light was on the crystal at 120 K, the EPR signal from
the neutral Mg acceptor (Mg0Ga ) was produced and the EPR signals
from the Ir4þ and Fe3þ ions decreased slightly. The Mg0Ga spectrum is
centered near 330 mT in Fig. 1(b) and shows the characteristic hyperﬁne structure1–3 from the 69Ga and 71Ga nuclei at the two neighboring
Ga sites.
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FIG. 1. EPR spectra from the Mg-doped b-Ga2O3 crystal taken at 50 K before and
after an exposure to 325 nm laser light. The magnetic ﬁeld is along the b direction.
(a) Spectrum taken before turning on the light. (b) Spectrum taken after illuminating
for 20 min at 120 K and then returning to 50 K with the light off. (c) Difference spectrum (“after” minus “before”) showing the production of the Mg0Ga spectrum and the
decrease in the Fe3þ and Ir4þ signals.

Figure 1(c) shows the difference spectrum generated by subtracting the “before light” spectrum in Fig. 1(a) from the “after light” spectrum in Fig. 1(b). This difference spectrum has been expanded
vertically by a factor of four to better illustrate the changes caused by
the laser light. The inverted shapes of the Fe3þ and Ir4þ EPR lines in
Fig. 1(c) verify that the concentrations of these ions decreased during
the exposure at 120 K to 325 nm light. A primary result of the light is
to form neutral Mg acceptors (Mg0Ga ) and an equivalent number of
neutral Ir3þ ions. Careful measurements of the vertical heights of the
Ir4þ lines in Figs. 1(a) and 1(b) indicate that approximately 5.3% of
the Ir4þ ions are converted to Ir3þ ions by the 325 nm light. Using the
previously determined initial concentration of Ir4þ ions, this suggests
that the concentration of neutral Mg0Ga acceptors in Figs. 1(b) and 1(c)
is about 3.7  1017 cm3. A separate, but very similar, estimate of this
Mg0Ga concentration in Fig. 1, obtained from a comparison to a Bruker
weak-pitch standard EPR sample, is 2.9  1017 cm3. The light reduces
the Fe3þ line in Fig. 1 by about 3.3%, corresponding to a change in
concentration of 5.0  1015 cm3.
The mechanisms involved in the formation of neutral Mg
acceptors with sub-bandgap light are of interest.31 We were unable to
produce an observable concentration of Mg0Ga acceptors during an
exposure to 325 nm (3.81 eV) light if the temperature of the crystal
was below approximately 90 K. Neutral acceptors were, however, easily produced by the light when the temperature was above 90 K.
Exposing the crystal to 325 nm light at temperatures well below 90 K,
then removing the light and warming to near 90 K while in the dark,
was an indirect method to produce the Mg0Ga acceptor signal. We
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attribute these behaviors to the formation of stable self-trapped holes
below 90 K. In support of this explanation, Kananen et al.32 found
that, once formed, the self-trapped holes in b-Ga2O3 are thermally
stable only if the temperature is below approximately 90 K. This leads
us to conclude that the primary formation mechanism involving
325 nm light is the excitation of electrons from one or more of the
valence bands33,34 to the deep Ir4þ donors. In this mechanism, holes
left in the upper valence band during an illumination will only move
to the Mg
Ga acceptors when the temperature is near or above 90 K,
otherwise they become self-trapped. The placement by Ritter et al.30
of the Ir4þ/3þ level 2.25 eV below the conduction band is consistent
with this process and suggests that transitions of electrons to the Ir4þ
ions from states in lower valence bands may be involved. Another
mechanism by which 325 nm light could produce neutral Mg acceptors is the excitation of electrons from the valence band to Fe3þ
acceptors.18,31,35 The small concentration of Fe3þ ions, however,
makes this a minor contributor to the production of neutral Mg
acceptors in our crystal.
Once formed, the EPR spectrum of the Mg0Ga acceptors in
b-Ga2O3 can be observed over a wide temperature range. Figure 2(a)
shows the spectrum taken at 240 K with 325 nm light on. The light
was then removed and the spectra in Figs. 2(b) and 2(c) were taken
after cooling to 160 and 85 K, respectively. The gallium hyperﬁne
lines1 are broadened at 240 K [indicating possible hopping of the hole
between equivalent O(I) sites around the Mg ion]. This broadening
reduces the vertical height of the EPR spectrum and makes the structure less resolved. As the temperature decreases, the height of the EPR
spectrum increases as a result of the 1/T Boltzmann dependence for
the population difference between þ1/2 and –1/2 spin states. Because

FIG. 2. Temperature dependence of the EPR spectrum from the Mg0Ga acceptor.
These spectra were taken at (a) 240 K, (b) 160 K, and (c) 85 K, with the same spectrometer settings and with the magnetic ﬁeld along the c direction in the crystal.
The intensity of the 240 K spectrum has been increased by a factor of four.
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of the broadening and the 1/T effect, the 240 K spectrum in Fig. 2(a) is
expanded vertically by a factor of four to allow easier comparison to
the other two spectra.
Figure 3 shows the production and thermal decay of the neutral
Mg acceptors (Mg0Ga ) in our b-Ga2O3 crystal. The EPR spectrum
appears when the 325 nm laser light is turned on at 124 s, quickly
grows, reaches an equilibrium value, and then begins to decay when
the light is removed at 512 s. These data were acquired at 250 K with
the magnetic ﬁeld along the c direction. The EPR spectrometer was
operated in a kinetics mode (i.e., a time sweep) with the magnetic ﬁeld
ﬁxed at 326.2 mT, corresponding to the upper peak of the hyperﬁne
line identiﬁed by an  in Fig. 2(a). The set of ﬁve isothermal decay
curves in Fig. 4 were then obtained for the Mg0Ga acceptor by repeating
the procedure illustrated in Fig. 3. These decay curves were taken at
240, 245, 250, 255, and 260 K after producing the Mg0Ga EPR spectrum
at each temperature with 325 nm light. While acquiring a recovery
curve, the temperature varied by less than 0.1 K. Before taking each
decay curve, the crystal was held at 275 K for 5 min to remove the
effects of previous illuminations.
We use a general-order kinetics model36–40 to determine the activation energy that describes the thermal decay of the neutral Mg
acceptors (Mg0Ga ). This model was used most recently to determine
the Fe2þ/3þ level in b-Ga2O3.18 The method described in Ref. 18 and
also in Refs. 39 and 40 is followed here. The analysis of the isothermal
decay curves in Fig. 4 starts with the following differential equation:
dn
¼ s0 nb expðE=kTÞ:
dt

(1)

Here, n represents the decreasing concentration of Mg0Ga acceptors
after removal of the 325 nm light, t is the time, b is the parameter

FIG. 3. Intensity of the EPR spectrum from the Mg0Ga acceptor before, during, and
after exposure to 325 nm laser light. The temperature is 250 K and the magnetic
ﬁeld is ﬁxed at 326.2 mT. At 124 s, the light is turned on and the Mg0Ga signal
appears. When the light is removed at 512 s, the Mg0Ga signal slowly decays as
electrons are thermally excited from the valence band.
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The index i ¼ 1 to 5 corresponds to the ﬁve temperatures where decay
curves were obtained. Although normalized in Fig. 4, each decay curve
has a different value of n0. These initial concentrations of Mg0Ga
acceptors represent the equilibrium value reached when the production rate (which depends on the intensity of the laser light) equals the
decay rate (which depends on the temperature). For our 260, 255, 250,
245, and 240 K decay curves, the initial concentrations are n0,i ¼ ciN0
where the values of ci are 1.00, 1.30, 1.58, 1.88, and 2.15, respectively.
N0 represents the initial concentration for the 260 K decay curve.
Equation (4) then becomes
mi ¼ 

m0i
 ¼ s 0 Nb1
0 ðb  1Þ exp ðE=kTi Þ:
cb1
i

(5)

Equation (5) is rewritten in the following form by taking the natural
logarithm of each side:
h
i
E
ln ðmi Þ ¼ ln s 0 Nb1
:
(6)
0 ðb  1Þ 
kTi

FIG. 4. Isothermal decay curves of photoinduced Mg0Ga acceptors in an Mg-doped
b-Ga2O3 crystal. The decay curves were taken at (a) 240, (b) 245, (c) 250, (d) 255,
and (e) 260 K. The inset shows the plot of ln(m) vs 1/T used to obtain the activation
energy E.

which describes the order of the kinetics, E is the activation energy,
and T is the temperature. The pre-exponential factor s0 is conceptually
related to an “attempt-to-escape frequency.” A value of b ¼ 1 in
Eq. (1) corresponds to ﬁrst-order kinetics where there is no retrapping
of holes at Mg
Ga acceptors and the decay curves are single exponentials. In contrast, b ¼ 2 corresponds to second-order kinetics, where
retrapping is dominant and the decay curves are nonexponential with
slowly decreasing tails. We expect b to be between 1 and 2 because
many of the Mg acceptors are in their singly ionized charge state
(Mg
Ga ) and, thus, readily allow holes to be retrapped.
The solution to Eq. (1), for b > 1, is

1
nðtÞ ¼ n0 1 þ s0 n0 b1 ðb  1Þ exp ðE=kTÞt 1b ;

(2)

Mg0Ga

acceptors in Fig. 4 (when
where n0 is the initial concentration of
the laser light is removed). Equation (2) is rewritten in the following
form:
 1b
n
¼ 1 þ s0 n0 b1 ðb  1Þ exp ðE=kTÞt:
(3)
n0
The ﬁve experimental decay curves in Fig. 4 are separately plotted as
(n/n0)1–b vs time. For each plot, the value of b is adjusted between 1
and 2 until a straight line emerges. These b values varied from 1.40 to
1.55. The ﬁve straight lines used to determine the b values have different slopes. From Eq. (3), these slopes are
ð
Þ
mi 0 ¼ s0 nb1
0;i b  1 expðE=kTi Þ:

Appl. Phys. Lett. 116, 142101 (2020); doi: 10.1063/5.0002763
Published under license by AIP Publishing

(4)

Finally, we construct a plot of ln(mi) vs 1/Ti. This plot contains ﬁve
points, one for each decay curve and is shown in the inset in Fig. 4.
From Eq. (6), the slope of the best-ﬁt straight line in the inset is –E/k.
Our general-order kinetics analysis gives an activation energy of
E ¼ 0.65 eV for the thermal decay of photoinduced Mg0Ga acceptors in
b-Ga2O3 crystals. We estimate that the uncertainty in this value of E is
60.05 eV. The largest source of error is the determination of the b
value for each decay curve.
In summary, we have used EPR to investigate the photoinduced
production and thermal decay of Mg0Ga acceptors in b-Ga2O3. Our
analysis of a set of ﬁve isothermal decay curves gives a value of 0.65 eV
above the valence band for the (0/) level of the Mg acceptors.
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